Introduction
The decline in female reproductive ability, which is one of the earliest aging phenotypes that human beings experience, is not well understood. For women over 35 years of age, there is a rapidly rising risk of infertility, birth defects, and miscarriage, due to age-related decline of oocyte quality. 1 The cause of this decline remains elusive, but is likely to be genetically regulated. Therefore, the ability to identify genetic regulators of reproductive aging is an important goal for human health.
Caenorhabditis elegans (C. elegans) is a good model to study reproductive aging for two main reasons.
First, C. elegans has a short life span and an even shorter reproductive span, with a post-reproductive lifespan that is proportionately similar to that of women. A wild-type worm raised on agar plates usually lives for 2-3 weeks but ceases reproduction between Day 3 and Day 6 of adulthood.
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Second, similar to human females, the reproductive ability of C. elegans also is limited by oocyte quality. 5 More than 80% of worm proteins have human orthologs 6 , and many longevity regulatory mechanisms are evolutionarily This procedure is inconvenient and labor-intensive. Furthermore, since the time resolution is at the level of one day and the reproductive span of wild-type C. elegans is usually 3-5 days, to achieve statistically significant results, it is necessary to pick at least 40 worms per strain at the beginning of the experiment.
As a result, this plate assay not only has low time resolution, but is also labor-intensive.
In the past ten years, microfluidic technologies have provided new tools for C. elegans research. Here, we report the development of a high time-resolution, automatic C. elegans progeny counting system that is based on microfluidic methods and a simple optical setup. This system, with a single hermaphrodite in a single microfluidic chamber throughout its reproductive period, can automatically detect and count in easily in conventional plate assays, and provides researchers a new way to compare the reproductive spans of different C. elegans mutants, which will be important in developing high-throughput methods for the genetic analyses of reproductive aging regulation.
Results

Reproductive microfluidic device design
We have designed a microfluidic device with chambers for individual worms, aligned in parallel for straightforward monitoring by a camera connected to a computer. Figure 1a illustrates the layout of our microfluidic device, which has 16 chambers for 16 worms, symmetrically designed with eight chambers on each side and separately connected to a wide main channel. This design serves three purposes. First, it simplifies the loading of worms into each chamber. Second, the main channel functions as a transport pipeline of bacteria for feeding the worms. Third, the main flow also serves as a driving force to push progeny out of the chamber into a serpentine channel immediately after they are hatched from fertilized eggs. Connecting the main channel and each individual chamber is a short narrow channel that only allows one L4 stage worm to stay in temporarily during the loading step.
When all eight worms are aligned in these channels, they are pushed into their individual chambers simultaneously using higher pressure and they remain in these chambers throughout the experiment. There is a 10 µm-high base at the end of every narrow channel that allows for large deformation while loading the worms with high pressure 18 , and also provides a wide passage for the main flow to flush the progeny out of the chambers. A high magnification image is shown in Figure S1 . A critical feature of this device is a filter located in the bottom of each chamber that separates the mother hermaphrodites and the progeny, as shown in Figure 1b . The channels of the filter are 20 µm wide, which only allow L1 worms to pass through and retains all unhatched eggs, unfertilized oocytes, and the mother inside the chamber. These L1-stage worms quickly pass through the serpentine channels and enter directly into the downstream sixteen straight channels that are arranged in parallel to each other to allow simultaneous monitoring. The channels cover a 2 mm x 2 mm area defined as "the counting region". The microfluidic device was fabricated using standard soft lithography. SU-8 2015 and SU-8 2075 were spin-coated on a wafer to the thickness of 10 µm and 60 µm, respectively. The mold surface was treated with 1,1,2,2-tetrahydrooctyl-1-trichlorosilane to facilitate the release of the PDMS from the mold. The mixed PDMS solution (10:1 ratio) was poured on the surface of the mold to obtain a 1 cm thick layer after baking. After peeling the PDMS layer off the mold, holes were punched in the PDMS to define inlets and outlets. Oxygen plasma was used to treat the surface of the PDMS and a piece of glass slide before they were bonded together. Immediately after bonding, 5% Pluronic F127 solution was flowed through the device and held for 30 minutes 17 . This surfactant forms a long-term monolayer on the surface of both the PDMS and the glass and thus prevents attachment of bacteria 17 . Finally, the device was washed with Sbasal buffer.
Worm loading and liquid culture
Worms are maintained on NGM plates 30 . We placed 20 L4 worms per strain onto a new NGM plate. After 10 hours, these worms were in their late L4 stage and no eggs were visible on the plate. The worms were washed off the plate with S-basal buffer and about 10 worms were drawn into a syringe. We inserted the syringe tubing in the inlet, connected another syringe to the temporary side-inlet, and with the resulting flow, eight worms were aligned in the narrow channels, while the superfluous worms, if any, remained in one of the two syringes. After these eight worms were in position, a pulse of high pressure was applied by a syringe to push the worms into their individual chambers, and then the side-inlet was closed by a solid steel plug.
UV-killed bacteria were used to prevent live bacterial proliferation that might potentially form biofilms 31 and block the filters and the channels. Each day, after an inoculation was grown overnight, fresh OP50 bacteria was exposed to ultra-violet light in a Syngene Ingenius gel box for 40 minutes to kill the bacteria. Basically, a k was updated every time by weighting 1% on the current frame and 99% on the original value.
There are two considerations behind this updating logic. First, as time goes by, the intensity of the counting area gradually changes, though very slightly. Therefore, we need to update a k to reflect this change in the background. We feel that 1% weight on the new frame is appropriate in this updating algorithm because the intensity of some pixels in this counting area will increase dramatically when a worm passes through the counting area (most of the time, there is no worm in the counting area). So we do not want a k to change a lot in this case since a k is intended to measure the background of the counting area.
In a word, a k was designed in the form of equation (2) to reflect the slow long-term intensity change in each counting area without any effect from a sudden, random intensity shock from a certain frame.
With this approach, as illustrated in the results shown in Figure 3b , we find that the baselines are about the same magnitude and that there are many distinct peaks above the baseline. We took a video and compared the worm frame with the standard deviation value we defined, and we found that all of the peaks were actual worm signals and all the worm signals were marked by the peaks (see the supplementary information Figure S4 , Table S1 and Video S1.) Therefore, we determined that with these steps the signal . To test the function of the device and our automatic counting system, we compared the reproductive spans of wild-type (N2) worms and long-lived daf-2 mutants on standard reproductive span assay plates and in our device. We obtained the worm signals from the standard deviation peaks as indicated above, and also verified these signals using the corresponding saved images. Based on this information, we plot all of the time points at which progeny pass through the channel. For example, Figure 4a shows the progeny information from four N2 worms and four daf-2 mutant worms, where a peak represents a progeny that has been extracted and confirmed from the "standard deviation" information. Table S2 shows the progeny number every 4 hours of the eight worms in Figure 4a . All the worms' progeny traces are shown in Figure   S5 . The last progeny time-points give us all of the information necessary to plot the reproductive span curve of a strain, as shown in Figure 4b . 
